ADP-11-41/T763 



SU(3) centre vortices underpin confinement and dynamical chiral symmetry breaking 
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The mass function of the nonperturbative quark propagator in SU (3) gauge theory shows only a 
weak dependence on the vortex content of the gauge configurations. Of particular note is the survival 
of dynamical mass generation on vortex-free configurations having a vanishing string tension. This 
admits the possibility that mass generation associated with dynamical chiral symmetry breaking 
persists without confinement. In this paper we examine the low-lying ground state hadron spectrum 
of the 7r, p, N and A and discover that while dynamical mass generation persists in the vortex-free 
theory, it is not connected to dynamical chiral symmetry breaking. In this way, centre vortices 
in SU(3) gauge theory are intimately linked to both confinement and dynamical chiral symmetry 
breaking. We conclude that centre vortices are the essential underlying feature of the QCD vacuum. 
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I. INTRODUCTION 

Numerical simulations of QCD on a space-time lattice 
reveal that the essential, fundamentally-important, non- 
perturbative features of the QCD vacuum fields are: 

1. The dynamical generation of mass through chiral 
symmetry breaking (^SB), and 

2. The confinement of quarks. 

However, there exists no derivation of quark confinement 
starting from first principles, nor is there a totally con- 
vincing explanation of the effect. 

The questions that dominate the field centre around 
gaining an understanding on how these fundamentally 
important features of QCD come about. The question is: 
What is the essence of QCD vacuum structure? That is, 
what is it about the field fluctuations of the QCD vacuum 
that causes quarks to be confined? What aspects of the 
QCD vacuum are responsible for dynamical mass gener- 
ation? Do the underlying mechanisms share a common 
origin? 

The prevailing view is that quark confinement and dy- 
namical xSB is the work of some special class of gauge 
field configurations which dominate the QCD vacuum on 
large distance scales. Candidates have included instan- 
tons, Abelian monopoles, and centre vortices. In recent 
years, algorithms have been invented which can locate 
these types of objects in thermalized lattices, generated 
by the lattice Monte Carlo technique. This is an impor- 
tant development enabling ah initio investigations of the 
underlying mechanism of quark confinement and dynam- 
ical xSB. 

Instantons are natural candidates to explain xSB as 
each instanton is associated with a zero mode of the Dirac 
operator An accumulation of zero eigenvalues will 
produce a quark condensate [2|. However, instantons are 
no longer favored to play a significant role in confinement 
1. 

An attractive mechanism for confinement is dual su- 
perconductivity of the QCD vacuum 0, @. The con- 



densation of chromo-magnetic monopoles has been ob- 
served directly after gauge-fixing to "Maximal Abelian 
Gauge" jgi] , from which the idea of "Abelian dominance" 
has emerged. There, the Abelian degrees of freedom of 
the Yang-Mills field are thought to encode all its long- 
distance properties. However, degrees of freedom more 
elementary than Abelian monopoles, embedded in them 
and solely responsible for the physics assigned to them, 
cannot be ruled out 0- 

Like Abelian dominance, centre vortices are exposed by 
gauge-fixing. Usually, a gauge transformation is applied 
which brings each lattice link as close as possible to a 
centre element of the gauge group. The centre of a group 
is that set of group elements which commute with all 
other elements of the group. For an SU(N) gauge group, 
the centre elements consist of all g £ SU(N) proportional 
to the N xN unit matrix, I, subject to the condition that 
det((/) = 1. This is the set of N SU(N) group elements 
{Z m }, with 



, 2tt , 

Z m = cxp [ i>jf m I !j 



(m = 0,l,2,...,Y-l). (1) 



These centre elements form a discrete Abelian subgroup 
known as Zj^. Vortices are identified as the defects in the 
centre-projected gauge field. Again, the idea of centre 
dominance is that the centre degree of freedom encodes 
all the long-distance nonperturbative physics. 

In SU(2) gauge theory, a clear link between centre vor- 
tices, confinement and mass generation via dynamical 
chiral symmetry breaking is manifest [8(. Centre vor- 
tices are the single underlying mechanism giving rise to 
both chiral symmetry breaking and quark confinement in 
SU(2) gauge theory. 

Whether this is the case for the SU(3) Yang-Mills the- 
ory relevant to QCD is not as clear. As outlined in 
Refs. 0-[Hl the relation between centre vortices and dy- 
namical chiral symmetry breaking is much more compli- 
cated in SU(3) gauge theory. Ref. [ll| explores the role 
of centre vortices identified by gauge fixing Monte Carlo 
generated configurations to maximal centre gauge [l2j], 



2 



clearly illustrating how dynamical mass generation sur- 
vives the removal of these vortices. This admits the pos- 
sibility that the underlying mechanisms generating con- 
finement and dynamical chiral symmetry breaking are 
decoupled. 

We proceed to investigate the low-lying hadron mass 
spectrum in this unique centre-vortex free environment 
lacking confinement and retaining dynamical mass gen- 
eration. A brief report on this was presented at Lat- 
tice 2012 Our aim here is to search for evidence 
of dynamical chiral symmetry breaking and thus provide 
further insight into the role of centre vortices in QCD. 

II. CENTRE VORTICES 

There are multiple methods of identifying centre vor- 
tices, such as the Maximal Centre Gauge and 
Laplacian Centre Gauge [ljj with various precondition- 
ing options [Hj]. Here we focus on vortices identified by 
gauge fixing the original Monte-Carlo generated config- 
urations directly to Maximal Centre Gauge without any 
preconditioning. This is the same identification used in 
Ref . [ll| , which revealed the survival of dynamical mass 
generation on such vortex-free configurations. 

First the links U^(x) are gauge transformed to be 
brought close to the centre elements of SU(3), 

Z = cxp \ 2iri —j I, with m = —1, 0, 1. (2) 

On the lattice this is implemented by searching for the 
gauge transformation f2 such that, 

|trl#(a0 f A max. (3) 

One can then project the gluon field to a centre-vortex 
only configuration where each link is a number (one of 
the roots of unity) times the identity matrix 

U„(x) -> Z^x) where Z^x) = exp Urn H^M^j I , (4) 

where m At (x) = —1, 0, 1. 

The vortices are identified by the centre charge, z, 
found by taking the product of the links around a pla- 
quette, 

z = \\Z^{x) = cxp (2™ J) ■ (5) 

□ 6 

If z = 1 no vortex pierces the plaquette. If z ^ 1 a vortex 
with charge z pierces the plaquette. In the smooth gauge- 
field limit, all the links approach the identity, and no 
vortices are found. It is only when we get a non-trivial 
change of phase around the plaquette that a vortex is 
identified. 

Vortices are removed by removing the centre phase. 
This is done by making the transformation 

U li (x)^U , lt (x) = ZZ(x)U lt {x). (6) 



In SU (2) gauge theory the removal of the centre vor- 
tices results in a lack of string tension which is fully recov- 
ered in the vortex-only configurations. The mass function 
of the nonperturbative quark propagator observed in the 
vortex-removed configurations is flat and shows no sign 
of dynamical mass generation. 

The findings in SU(3) gauge theory [Til] differ from the 
SU(2) case. While the removal of centre vortices removes 
the string tension, the string tension is not fully recov- 
ered in the vortex only configurations. An examination 
of the mass function of the nonperturbative quark prop- 
agator reveals only small differences in dynamical mass 
generation between the original and vortex-removed con- 
figurations. This shape indicates the retention of dynam- 
ical mass generation, despite the absence of confinement. 
This leads to the key question under investigation. Is the 
persistence of dynamical mass generation a manifestation 
of dynamical chiral symmetry breaking in the absence of 
confinement? 

We note that at large momenta, the mass function of 
the propagator of the vortex-removed configurations ex- 
periences a vertical shift upwards of approximately 60 
MeV for a given bare quark mass. This may be attributed 
to a roughening of the configurations at short distances 
associated with the removal of centre vortices via Eq. HJ1 

III. RESULTS 

To further investigate the underlying physics, we cal- 
culate the standard effective masses for low-lying hadrons 
from their Euclidean two-point functions. We compare 
the effective masses for the it, p, N and A hadrons ob- 
tained from the regular and vortex-removed configura- 
tions for varying quark masses. Our uncertainties are 
obtained via the jackknife analysis with best fits ob- 
tained through a consideration of the full covariance- 
matrix based \ 2 P er degree of freedom. 

A statistical ensemble of 200 SU(3) gauge-field config- 
urations is generated using the Liischer-Weisz [l9j mean- 
field improved action on a 20 3 x 40 lattice with a lattice 
spacing of 0.125 fm. We use the FLIC fermion action [2(| 
providing nonperturbative 0(a) improvement [2lj with 
improved chiral properties allowing efficient access to the 
light quark- mass regime [22| . 

Initially we consider four different values for the Wilson 
hopping parameter, k, selected to provide a wide view 
of the mass dependence of the spectrum. We consider 
k = 0.1280, 0.1293, 0.1304 and 0.1310. The associated 
quark mass can be estimated by linearly extrapolating 
the squared pion mass to zero as a function The 
critical hopping parameter the value at which pion 

mass vanishes, such that 

We first examine the pion effective mass as a function 
of Euclidean time. The mass for each k is plotted in figure 
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[TJ where the left column shows the normal configurations 
and the right shows the vortex-free configurations. 




FIG. 1: Comparison of the pion effective mass evolution m(t) 
for the original configurations (left) and the vortex-free con- 
figurations (right) as the quark mass is decreased from the 
top downwards. The values of the hopping parameter k are 
0.1280 (top), 0.1293, 0.1304 and 0.1310 (bottom). 

The pion results reveal an important difference be- 
tween the two sets of configurations in the approach to 
the mass plateau. The plateau is approached rapidly 
on the original configurations, indicating the presence 
of a significant mass gap between the ground state and 
the first excited state excited by the standard pseu- 
doscalar interpolating field. In contrast the approach to 
the plateau on the vortex-free configurations is slow, sug- 
gesting a tower of closely spaced pion excitations. Indeed 
the shape is reminiscent of the free-field two-point cor- 
relator where excitations are associated with free quarks 
having back-to-back momenta of increasing values. 

The effective masses from the vortex-free configura- 
tions also sit much higher than the regular masses; they 
do not show the same low mass associated with the 
pseudo Goldstone boson of QCD. 

An examination of the pion masses of the vortex re- 
moved configurations as a function of the inverse hopping 
parameter in Fig. [3] reveals that it is possible to perform 




FIG. 2: Comparison of the p-meson effective mass evolution 
m(t) for the original configurations (left) and the vortex-free 
configurations (right) as the quark mass is decreased from the 
top downwards. The values of the hopping parameter k, are 
0.1280 (top) and 0.1293 (bottom). 



simulations at hopping parameters smaller than the k ct 
obtained from the original configurations. This is in ac- 
cord with Ref . 'ljj , where the mass function for the vor- 
tex removed configurations is shifted higher by about 60 
MeV indicating smaller bare quark masses are required to 
obtain the same renormalised quark mass. We consider 
two additional hopping parameter values for the vortex- 
free configurations which are unphysical for the normal 
configurations. We take k = 0.1320, and 0.1325. 

This necessarily leads to a different K cr for the vortex- 
free configurations when using Wilson-style fermions. 
Taking the lightest three masses and assuming oc 1/k 
in the vortex-free theory provides the linear extrapolation 
and vortex-free K cr illustrated in Fig. [3] Note that the 
heavier quark masses in the vortex-free theory show a 
clear deviation from linear behaviour. 

Of course an alternative scenario is also possible. One 
could argue that dynamical chiral symmetry breaking is 
spoiled in the vortex-free theory with no longer pro- 
portional to 1/k or m q . When a quark of mass zero is 
placed in the vortex-removed configurations, the pion still 
has mass. A comparison of the 7r and p meson masses 
will reveal the correct scenario. 

In Fig. [4] the pion mass from the original and vortex- 
free configurations is plotted as a function of the bare 
quark mass, m q (determined with reference to the critical 
k value from the original configurations) . While it seems 
the vortex-free mass will approach zero as the quark mass 
decreases, the relationship between the quark mass and 
TOtt is evidently different between the original and vortex- 
free configurations. 

The Gell-Mann-Oakes-Renner relationship, oc m q 
can be seen in the results from the original configurations 
as the points have the shape of a typical square- root func- 
tion. While the pion masses obtained in the vortex-free 
configurations at the two lightest quark masses consid- 
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7.3 7.4 7.5 7.6 7.7 7.8 7.9 8.0 

1/k 



TABLE I: 7r-meson masses from the original and vortex-free 
ensembles as a function of the hopping parameter, k. The 
quark mass, m q is determined with reference to the original 
Monte Carlo generated configurations. Units are GeV as ap- 
plicable. 







Original 


Vortex-free 


K 








0.1280 


0.1705 


0.8582(17) 


0.8717(29) 


0.1293 


0.1085 


0.6830(19) 


0.7256(32) 


0.1304 


0.0570 


0.4963(24) 


0.5939(28) 


0.1310 


0.0293 


0.3564(34) 


0.5204(29) 


0.1320 


-0.0164 


unphysical 


0.4077(38) 


0.1325 


-0.0389 


unphysical 


0.3431(43) 



FIG. 3: Pion mass squared in terms of the inverse hopping 
parameter, At -1 . The lines illustrate fits to the original con- 
figurations and the vortex-free configurations, the latter ad- 
dressing only the lightest three quark masses considered where 
there is some promise that ock" 1 . 
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FIG. 4: Pion mass in GeV as a function of the bare quark 
mass determined with reference to the original configurations. 
Full symbols illustrate results from the original configurations 
while the open symbols illustrate results from the vortex-free 
configurations. 



ered are of a similar magnitude to that of the lightest 
pion mass from the original configurations, there is no 
evidence of the curvature associated with m \ oc m q . 

In the vortex-free configurations the data appears lin- 
ear with m-K oc m q over a wide range of m q , indicating 
a significant difference between the two types of configu- 
rations and a loss of the Goldstone nature of the pion in 
the vortex-free theory. 

The ground-state masses for the pion on the regular 
and vortex removed configurations are summarised in Ta- 
ble n 

This loss of a pseudo- Goldstone boson in the vortex- 
free theory becomes very clear once one compares the 



TABLE II: p-meson masses from the original and vortex-free 
ensembles as a function of the hopping parameter, «. The 
quark mass, m, is determined with reference to the original 
configurations. Units are GeV as applicable. 







Original 


Vortex-free 


K 




nip 


nip 


0.1280 


0.1705 


1.146(8) 


0.8781(23) 


0.1293 


0.1085 


1.047(12) 


0.7326(23) 


0.1304 


0.0570 


0.982(16) 


0.6058(23) 


0.1310 


0.0293 


0.933(29) 


0.5350(24) 


0.1320 


-0.0164 


unphysical 


0.4128(37) 


0.1325 


-0.0389 


unphysical 


0.3492(39) 



masses of the 7r and p mesons in the vortex-free theory. 
Table [TT| reports p-meson masses and Fig. [5] illustrates 
masses for the tt and p mesons obtained from the origi- 
nal configurations (full symbols) and the vortex-free con- 
figurations (open symbols). This figure clearly illustrates 
how the 7T and p mesons become nearly degenerate on the 
vortex-free configurations. Thus the vortex-free pion is 
not associated with dynamical chiral symmetry breaking. 
It is not a pseudo- Goldstone boson. 

The degeneracy of the tt and p meson is somewhat 
surprising. For example, in a simple quark model the 
p-meson mass sits much higher than that of the pion 
due to a large hyperfine interaction between the quark 
and anti-quark. The degeneracy of the masses on the 
vortex removed configurations implies that any hyperfine 
interactions have also been removed with the removal of 
the centre vortices. 

Turning our attention to the baryon sector, the nu- 
cleon and A are presented in Fig. [S] for both the original 
and the vortex-free configurations. From this graph we 
see that the vortex-free masses for the N and A are ap- 
proximately degenerate, similar to the case of the p and 
7T mesons. Again we see the absence of hyperfine interac- 
tions in the vortex- free theory. Moreover, both baryons 
have much lower masses in the vortex-free theory. Nu- 
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0.00 



0.05 0.10 
m„ (GeV) 
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TABLE III: Nucleon masses from the original and vortex-free 
ensembles as a function of the hopping parameter, n. The 
quark mass, m, is determined with reference to the original 
configurations. Units are GeV as applicable. 







Original 


Vortex- free 


K 




mjv 


mjv 


0.1280 


0.1705 


1.720(12) 


1.3309(43) 


0.1293 


0.1085 


1.517(14) 


1.1078(47) 


0.1304 


0.0570 


1.317(19) 


0.9150(47) 


0.1310 


0.0293 


1.181(30) 


0.8026(48) 


0.1320 


-0.0164 


unphysical 


0.6275(53) 


0.1325 


-0.0389 


unphysical 


0.5309(56) 



FIG. 5: Masses for the n (circles) and p (diamonds) mesons 
obtained from the original configurations (full symbols) and 
the vortex- free configurations (open symbols). 
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FIG. 6: Masses of the A (triangles) and N (squares) from 
the original gauge-field configurations are compared with the 
masses from the vortex-free configurations. Full symbols illus- 
trate results from the original configurations while the open 
symbols illustrate results from the vortex-free configurations. 



merical values for the N and A are provided in Tables 
IIIII and [TV] respectively. 

To view the entire hadron mass spectrum we have in- 
vestigated, all the hadron masses are plotted on the same 
axes in Fig. [7j While hadron masses have become degen- 
erate within the meson and baryon sectors, it is impor- 
tant to note that significant dynamical mass generation 
is occurring. The dynamical mass generation observed 
in the quark mass function of the nonperturbative quark 
propagator is also manifest here. 

Consider for example, hadron masses at the heaviest 
quark mass, as this value has the most accuracy. Here, 
the input quark mass is 0.17 GeV. In a free theory, the 
meson mass would be 0.34 GeV and the baryon mass 
would be 0.51 GeV. These values are much less than the 



TABLE IV: A baryon masses from the original and vortex- 
free ensembles as a function of the hopping parameter, n. The 
quark mass, m q is determined with reference to the original 
configurations. Units are GeV as applicable. 







Original 


Vortex-free 




m q 


rriA 




0.1280 


0.1705 


1.896(16) 


1.3187(48) 


0.1293 


0.1085 


1.753(19) 


1.1054(38) 


0.1304 


0.0570 


1.623(29) 


0.9118(39) 


0.1310 


0.0293 


1.542(44) 


0.8043(39) 


0.1320 


-0.0164 


unphysical 


0.6251(45) 


0.1325 


-0.0389 


unphysical 


0.5298(46) 



measured masses of 0.87 GeV and 1.32 GeV for the me- 
son and baryon sector respectively, indicating that whilst 
the particles have become degenerate, dynamical mass 
generation is still present. 

The mass generation is reminiscent of the early 
constituent-quark model where current quarks are 
thought to be dressed by QCD-vacuum interactions giv- 
ing rise to a constituent quark mass. This is done in a 
model that does not have a connection to chiral symme- 
try. 

The apparent degeneracy of the masses from the 
vortex-free configurations indicates perhaps that the 
hadron mass being measured is merely the sum of the 
dressed constituent-quark-like masses of the quarks com- 
posing the hadron. Taking into account the number of 
constituent quarks composing each hadron, Fig. [5] illus- 
trates the masses of the pion, rho meson, 2 /3 of the nu- 
cleon mass and 2/3 of the Delta mass as a function of 
quark mass. This graph reveals all four hadrons having 
the same mass in the vortex-free theory after one ac- 
counts for the number of quarks required to compose the 
quantum numbers of the state. The vortex-free theory is 
simply a theory of weakly interacting constituent quarks. 

The absence of interactions to lift the degeneracy of the 
states is somewhat unexpected. While the static quark 
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FIG. 7: Low-lying hadron mass spectrum obtained from the 
original configurations (full symbols) and the vortex-free con- 
figurations (open symbols). The symbols correspond to the 
various hadrons considered. For the original configurations, 
from lowest to highest hadron masses, the symbols correspond 
to 7r, p, N and A. 
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FIG. 8: The low-lying meson mass spectrum is compared with 
the low- lying baryon mass spectrum multiplied by 2/3 to ac- 
count for the number of constituent quarks composing the 
system. Results from the original configurations (full sym- 
bols) and the vortex-free configurations (open symbols) are 
illustrated. The symbols are as in Fig. [7] 



potential loses confinement in the vortex-free theory, the 
short distance, Coulomb-like interactions persist. Indeed 
it is the associated one-gluon-exchange interactions that 
motivated the spin-dependent interactions such as spin- 
orbit or spin-spin hypcrfinc interactions of early quark 
models. And while these hadron masses have been cal- 
culated in an environment which retains the Coulombic 



part of the potential there is no evidence of the associated 
spin-dependent interactions. Either, the short-distance 
noise introduced in the process of centre- vortex removal 
has spoiled these short-distance interactions or the dom- 
inant origin of spin-dependent interactions is in the con- 
fining part of the potential. 



IV. CONCLUSIONS 

^From our calculations of the hadron mass spectrum, 
we have seen that the hadron masses of the vortex-free 
theory are simply a reflection of the number of quarks 
required to compose their quantum numbers. There is 
little evidence of quark interactions in the mass spectrum 
and this is in accord with the general features of the 
Euclidean time evolution of the hadron effective masses 
in the vortex-free theory where the spectrum suggests a 
theory of free constituent quarks. 

However a comparison of the input quark mass and the 
hadron masses reveals that dynamical mass generation is 
at work. This is in accord with Ref. [ll| which clearly 
illustrates how dynamical-mass generation survives the 
removal of centre vortices. 

Of greatest importance is the complete absence of any 
remnant of dynamical chiral symmetry breaking. We find 
a pion degenerate with the p meson and a mass depen- 
dence of TOtt oc Tfiq inconsistent with the properties of the 
pseudo-Goldstone boson of chiral symmetry. 

Thus, centre- vortex removal spoils both confinement 
and chiral symmetry. Centre-vortices are the most fun- 
damental degrees of freedom in QCD, essential to con- 
finement and dynamical chiral symmetry breaking. Just 
as in SU(2), there is an intimate relationship between 
centre vortices, confinement and dynamical chiral sym- 
metry breaking. Both confinement and dynamical chiral 
symmetry breaking are lost under centre vortex removal. 
Therefore, centre vortices are the essential underlying 
feature of the QCD vacuum. 
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